Abstract. Gastric cancer is the fourth most common malignant disease and second leading cause of cancer-associated mortalities worldwide. Previous studies revealed aberrantly expressed microRNAs (miRNAs) in various types of human cancer; these miRNAs play important roles in tumourigenesis and tumour development. miRNAs present a considerable potential for novel therapeutic approaches for treating human cancer. Therefore, the investigation of novel miRNAs involved in gastric cancer progression provides an opportunity to improve the prognosis of patients with gastric cancer. miRNA-28 (miR-28) has been investigated with regards to its expression and biological functions in many types of human cancer. However, previous studies have not discussed the expression patterns, roles and associated molecular mechanisms of miR-28 in gastric cancer. In the present study, miR-28 expression was identified to be upregulated in gastric cancer tissues and cell lines. miR-28 inhibition functionally inhibited cell proliferation and invasion in gastric cancer in vitro. Using bioinformatics analysis, luciferase reporter assay, reverse transcription-quantitative polymerase chain reaction and western blot analysis, phosphatase and tensin homolog (PTEN) was mechanically identified as a direct target of miR-28 in gastric cancer. PTEN was downregulated in gastric cancer and negatively correlated with miR-28 levels. Inhibition of PTEN restored the biological effects of miR-28 downregulation on the proliferation and invasion of gastric cancer cells. Notably, the downregulation of miR-28 results in the regulation of the phosphatidylinositol 3-kinase/protein kinase B signaling pathway in gastric cancer. These results suggested that miR-28 may be targeted for the development of novel treatments for gastric cancer in the future.
Introduction
Gastric cancer is the fourth most common malignant disease and second leading cause of cancer-related deaths worldwide (1) . Approximately 850,000 newly diagnosed gastric cancer cases and 650 000 deaths occur per year (2) . Incidence and mortality of gastric cancer are the highest in East Asia (particularly in Korea, Mongolia, Japan and China); this disease became the second most lethal cancer in China (3) . Major contrib utory risk factors to gastric cancer include Helicobacter pylori infection, dietary factors, tobacco use, alcohol consumption and obesity (4, 5) . Despite considerable improvements in innovations in clinical diagnostics, surgical techniques and development of new chemotherapy regimens, five-year survival rates with advanced gastric cancer increased minimally in the past few years (6) . Poor prognosis of gastric cancer patients mainly involves unlimited growth and strong metastatic capacities of gastric cancer cells (7, 8) . Mechanism of gastric cancer oncogenesis remains largely unclear in spite of extensive clinical and basic research efforts (9, 10) . Therefore, studies should focus on elucidating molecular mechanisms underlying gastric cancer occurrence and development and exploring novel therapeutic targets for gastric cancer treatments.
MicroRNAs (miRNAs) represent a large group of highly conserved and small RNA molecules of spanning 17-25 nucleotides (11) . miRNAs regulate expression of their target genes in a post-transcriptional manner through interacting with 3'-untranslated regions (3'-UTRs) of targeted mRNA and causing mRNA degradation and suppression of translation (12) . miRNAs regulate more than 60% of protein translation (13) . Increasing studies demonstrated that miRNAs are aberrantly expressed in various types of human cancers and play important roles in tumorigenic processes, including cell proliferation, cycle, apoptosis, angiogenesis, invasion and metastasis (14, 15) . Depending on their target genes, miRNAs may serve as either tumour suppressors or oncogenes (16 (17) . miR-28 was studied with regard to its expression and biological functions in various types of human cancer (18) (19) (20) . However, no previous research studied expression patterns, roles and associated molecular mechanisms of miR-28 in gastric cancer. This study detected expression levels of miR-28 in gastric cancer and determined its roles in regulation of aggressive behaviours of gastric cancer cells and its underlying mechanisms.
Materials and methods

Tissue samples and cell lines.
A total of 31 paired gastric cancer tissues and adjacent normal gastric tissues were obtained from patients who had undergone radical gastrectomy at Zhujiang Hospital of Southern Medical University between January 2013 to December 2015. Normal adjacent tissues were collected at sites more than 4 cm away from the tumor margin. None of these gastric cancer patients had been treated with radiotherapy or chemotherapy before surgery. These tissues were immediately frozen in liquid nitrogen and then stored at -80˚C. This study was approved by the Medical Ethics Committees of Zhujiang Hospital of Southern Medical University. Written informed consent was obtained from the patients enrolled in this research.
Five human gastric cancer cell lines (SGC-7901, MGC-803, MKN-1, BGC-823, AGS) and the normal gastric epithelium GES-1 cell line were all bought from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere with 5% CO 2 at 37˚C.
Cell transfection. The miR-28 inhibitor and corresponding scramble miRNA inhibitor negative control (NC inhibitor) were purchased from GenePharma (Shanghai, China). Small interference RNA (siRNA) targeting PTEN (PTEN siRNA) and non-target control siRNA (NC siRNA) were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Cells were seeded into 6-well plates at a density of 6x10 5 each well. Cell transfection was performed when the cell density reached a confluence of 90%. Cells were transfected with miR-28 inhibitor, NC inhibitor, phosphatase and tensin homolog (PTEN) siRNA or NC siRNA using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following to the manufacturer's instructions. Culture medium was replaced with fresh medium containing 10% FBS at 6 h post-transfection.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from gastric cancer tissue samples or cells using TRIzol reagent (Ambion; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The concentration and quality of the total RNA was evaluated using the ND-2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). For miR-28 expression, cDNA synthesis was performed with TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). Quantitative real-time PCR was conducted using the TaqMan MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). Relative expression level of miR-28 was normalized by U6 expression. For PTEN mRNA expression, reverse transcription was performed using PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). SYBR Premix Ex Taq Master Mix (Takara Biotechnology Co., Ltd.) was utilized to detect PTEN mRNA expression levels. GAPDH was used as an internal control for PTEN mRNA level. The relative expression was calculated using the 2 -∆∆Ct method (21) .
Cell Counting Kit 8 (CCK8) assay. Cell proliferation was determined using CCK8 assay according to the manufacturer's instructions. Briefly, transfected cells were collected and seeded into 96-well plates (3x10 3 cells/well). 0, 24, 48, and 72 after incubation, cell proliferation was measured by the addition of 10 µl of CCK8 solution (Dojindo Molecular Technologies, Kumamoto, Japan) into each well. After incubation at 37˚C for 2 h, absorbance was measured at a wavelength of 450 nm using a microplate reader (SpectraMAX Plus; Molecular Devices, LLC, Sunnyvale, CA, USA). The assays were performed in triplicates and repeated three times.
Matrigel invasion assay.
Matrigel invasion assay was performed using 24-well Transwell chambers (8-mm pore size; EMD Millipore, Billerica, MA, USA) coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). In briefly, transfected cells were collected at 48 h posttransfection and suspended in DMEM without FBS. Transfected cells (5x10 4 ) were added to the top chamber, while the DMEM supplemented with 10% FBS used as a chemoattractant was added in the lower chamber. After 24 h incubation at 37˚C with 5% CO 2 , non-invasive cells on the top chambers were removed using cotton swabs. The invasive cells were fixed with methanol and stained with 0.1% crystal violet. Subsequent to washing three times with PBS, invasive cells in five randomly selected visual fields were photographed and counted under an inverted microscope (IX71; Olympus Corporation, Tokyo, Japan).
Bioinformatic analysis and luciferase reporter assay.
Bioinformatic analysis was performed to predicate the potential targets of miR-28 with TargetScan (http://www.targetscan. org/) and PicTar (http://pictar.mdcberlin.de/).
The pGL3-wild type-PTEN-3'-UTR (pGL3-Wt-PTEN-3'-UTR) containing the putative binding site of miR-28 and pGL3-mutant-PTEN-3'-UTR (pGL3-Mut-PTEN-3'-UTR) were chem ically synthesized and obtained from GenePharma. For luciferase reporter assay, the plasmid (pGL3-Wt-PTEN-3'-UTR or pGL3-Mut-PTEN-3'-UTR) together with miR-28 inhibitor or NC inhibitor were transfected into cells using Lipofectamine 2000 reagent, according to the manufacturer's instructions. Luciferase activities were measured 48 h later with a dual-luciferase reporter system (Promega Corporation, Madison, WI, USA). Renilla luciferase activity was used for normalization.
Western blot analysis. Tissue samples or cells were lysed using a radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) in the presence of a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). A bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology) was used to detect protein concentration. Equal amounts of protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (EMD Millipore). After blocking with 5% non-fat milk at room temperature in TBS, the membranes were incubated overnight at 4˚C with specific primary antibodies for PTEN antibody (sc-133197; 1:1,000 dilution) and GAPDH antibody (sc-47724; 1:1,000 dilution) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Subsequent to washing three times with TBST, the membranes were incubated with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (sc-2005; 1:5,000 dilution; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h. Positive signals were developed by enhanced chemiluminescence solution (ECL; Pierce; Thermo Fisher Scientific, Inc.) and analyzed with ImageJ 1.49 (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are presented as the mean ± standard deviation, and compared with Student's t-test or one-way analysis of variance (ANOVA) using SPSS 18.0 (SPSS, Inc., Chicago, IL, USA). Correlation of miR-28 expression with that of PTEN mRNA was conducted with the Spearman's correlation analysis. Two-tailed p-value <0.05 was considered to indicate a statistically significant difference.
Results
miR-28 is upregulated in gastric cancer tissues and cell lines.
To elucidate whether miR-28 correlates with progression of gastric cancer, its expression levels in 31 paired gastric cancer tissues and adjacent normal gastric tissues were determined using RT-qPCR. Data showed that miR-28 expression was upregulated in gastric cancer tissues compared with that in adjacent normal gastric tissues (Fig. 1A, P<0 .05). Expression of miR-28 in a normal gastric cell line (GES-1) was compared with those of a panel of gastric cancer cell lines (SGC-7901, MGC-803, MKN-1, BGC-823 and AGS); and gastric cancer cell lines showed generally increased miR-28 expression (Fig. 1B,  P<0 .05). These results suggested that upregulation of miR-28 is a common event in gastric cancer and may play essential roles in gastric cancer progression.
Downregulation of miR-28 inhibits cell proliferation and invasion in gastric cancer.
To investigate biological roles of miR-28 in development and progression of gastric cancer, miR-28 inhibitor was transfected into SGC-7901 and BGC-823 cells. RT-qPCR confirmed significant downregulation of miR-28 in SGC-7901 and BGC-823 cells after transfection with miR-28 inhibitor (Fig. 2A, P<0 .05). Based on CCK8 assay, miR-28 inhibitor transfection suppressed proliferation of SGC-7901 and BGC-823 cells compared with NC inhibitor group (Fig. 2B, P<0 .05). Matrigel invasion assay revealed that miR-28 knockdown decreased invasion abilities of SGC-7901 and BGC-823 cells (Fig. 2C, P<0.05) . These results demonstrated that miR-28 may serve as an oncogene in gastric cancer.
PTEN is a direct target of miR-28.
To elucidate underlying molecular mechanisms of miR-28 in gastric cancer, potential targets of miR-28 were predicted using bioinformatics analysis. Among candidates, PTEN was selected for further validation because it was downregulated in gastric cancer and participate in gastric cancer progression (22) (23) (24) . Fig. 3A shows putative target sites of miR-28 in 3'-UTR of PTEN. To confirm whether miR-28 directly targets the 3'-UTR of PTEN, luciferase reporter assays were performed in SGC-7901 and BGC-823 cells transfected with plasmids (pGL3-Wt-PTEN-3'-UTR or pGL3-Mut-PTEN-3'-UTR) along with miR-28 inhibitor or NC inhibitor. Results showed that downregulation of miR-28 increased relative luciferase activities of wild-type PTEN 3'-UTR (Fig. 3B, P<0 .05), whereas luciferase activities of mutant PTEN 3'-UTR remained unchanged.
mRNA and protein levels of PTEN levels in SGC-7901 and BGC-823 cells transfected with miR-28 inhibitor or NC inhibitor were examined to confirm regulatory roles of miR-28 in PTEN in gastric cancer. As shown in Fig. 3C and D, transfection of miR-28 inhibitor into SGC-7901 and BGC-823 cells resulted in remarkable upregulation of PTEN expression at both mRNA and protein levels (P<0.05). Overall, these results demonstrated that PTEN is a direct target gene of miR-28 in gastric cancer. 
An inverse correlation exists between PTEN and miR-28 in gastric cancer tissues.
Subsequent examinations detected PTEN expression in gastric cancer tissues and adjacent normal gastric tissues. RT-qPCR analysis revealed upregulated expression of PTEN mRNA in gastric cancer tissues in comparison with adjacent normal gastric tissues (Fig. 4A,  P<0 .05). Spearman's correlation analysis was used to evaluate association between PTEN mRNA and miR-28. As shown in Fig. 4B , miR-28 was strongly correlated with PTEN mRNA expression in gastric cancer specimens (r=-0.7264, P<0.001), suggesting that upregulation of miR-28 in gastric cancer may primarily cause downregulation of PTEN.
PTEN knockdown restores functional effects of miR-28 on cell proliferation and invasion in gastric cancer.
Rescue experiments were performed to evaluate whether PTEN is responsible for functional roles of miR-28 in gastric cancer cells. Firstly, SGC-7901 and BGC-823 cells were transfected with miR-28 inhibitor with or without PTEN siRNA. After transfection, Western blot analysis confirmed that PTEN expression was recovered in miR-28 inhibitor-transfected SGC-7901 and BGC-823 cells after transfection with PTEN siRNA (Fig. 5A, P<0.05 ). Subsequently, CCK8 assay and Matrigel invasion assays demonstrated that co-transfection of PTEN siRNA restored functional effects of miR-28 inhibitor on gastric cancer cell proliferation (Fig. 5B, P<0 .05) and invasion (Fig. 5C, P<0 a master negative regulator of the PI3K/AKT signalling pathway in gastric cancer (25, 26) . Hence, PI3K, AKT and p-AKT expression levels in SGC-7901 and BGC-823 cells were measured after transfection with miR-28 inhibitor or NC inhibitor. Results revealed that downregulation of miR-28 decreased protein levels of PI3K and p-AKT (Fig. 6, P<0 .01) in SGC-7901 and BGC-823 cells but did not affect total AKT expression. These results suggested that miR-28 inhibits gastric cancer progression by regulation of PTEN/PI3K/AKT signalling pathway.
Discussion
Previous studies demonstrated aberrantly expressed miRNAs in various types of human cancers, and these miRNAs play important roles in tumourigenesis and tumour development (27, 28) . miRNAs feature considerable potential for novel therapeutic approaches for treating human cancers (29) . Therefore, investigation of novel miRNAs involved in gastric cancer progression provides opportunities to improve prognosis of gastric cancer patients. In this study, miR-28 expression was upregulated in gastric cancer specimens and cell lines. Downregulation of miR-28 inhibited gastric cancer cell proliferation and invasion through regulation of PTEN/PI3K/AKT signalling pathway. These results suggested that miR-28 plays a crucial role in gastric cancer and may be developed as a therapeutic target for patients with such disease. Recent studies showed that miR-28 expression is deregulated in several human cancers. For example, miR-28 is lowly expressed in hepatocellular carcinoma. Low miR-28 level was correlated with tumour metastasis, recurrence and poor survival of patients with hepatocellular carcinoma (30) . Downregulation of miR-28 was also observed in colorectal cancer (18) , renal cell carcinoma (19) and B-cell lymphoma (20) . However, miR-28 expression is upregulated in ovarian cancer tissues (31) . These conflicting findings suggested tissue-specific expression of miR-28.
Tumour-suppressing roles of miR-28 were studied in multiple kinds of human cancer. For example, Zhou et al reported that miR-28 underexpression promoted tumour growth and metastasis of hepatocellular carcinoma in vivo (30) . Almeida et al showed that upregulation of miR-28 inhibited colorectal cancer cell proliferation, migration and invasion (18) . A study by Wang et al revealed that miR-28 suppressed cell proliferation and migration of renal cell carcinoma in vitro (19) . Another study by Schneider et al demonstrated that resumption expression of miR-28 diminished cell proliferation and clonogenic properties of B-cell lymphoma cells (20) . miR-28 was proven to serve as an oncogene in ovarian cancer by regulation of cell proliferation, cell cycle, apoptosis, colony forming and motility. These contradicting findings indicated that miR-28 acts as a tumour suppressor in certain cancers and an oncogene in others.
Several targets of miR-28 were validated; these targets include interleukin-34 (30), insulin-like growth factor-1 (32) in hepatocellular carcinoma, Ras-related protein Rap-1b in renal cell carcinoma (19) , MAD2L1 (20) and BCL2 associated athano-gene 1 (20) in B-cell lymphoma and Nedd4-binding partner-1 (31) in ovarian cancer. In our study, PTEN was identified as a novel direct target of miR-28 in gastric cancer. Firstly, bioinformatics analysis predicted that PTEN gene contained a miR-28 seed match at the 3'-UTR of PTEN. Luciferase reporter assay confirmed that zinc finger E-box-binding homeobox 1 directly targeted the 3'-UTR of PTEN gene. Subsequent RT-qPCR and western blot analysis indicated negative regulatory effects of miR-28 on PTEN expression at both mRNA and protein levels. PTEN was also highly expressed in gastric cancer tissues and negatively correlated with miR-28 expression level. PTEN knockdown restored functional roles of miR-28 in gastric cancer cells. Collectively, these data demonstrated that PTEN is a direct and functional downstream target of miR-28 in gastric cancer.
PTEN, located in 10q23.3, is a well-known tumour suppressor (33) . Emerging evidence revealed reduced expression levels of PTEN in various human cancers, such as bladder cancer (34) , colorectal cancer (35) , glioma (36) , lung cancer and prostate cancer (37) . PTEN deletion was reported to be correlated with aggressive tumour phenotype and adverse prognosis in human cancers (38) (39) (40) . Accumulated evidence confirmed roles of PTEN in biological processes, such as cell proliferation, cell cycle, apoptosis, migration, invasion, metastasis, metabolism, differentiation, transcription and translation, through inhibition of multiple cell signalling pathways (41) (42) (43) . In gastric cancer, PTEN is downregulated and negatively correlated with lymph node metastasis, invasion depth, growth pattern, histological classification and age of gastric cancer patients (22, 23, 44) . Functional assays indicated tumour suppressive roles for PTEN in cell apoptosis, cell cycle arrest, proliferation, invasion and metastasis in gastric cancer cells (45) (46) (47) . Considering importance and role of PTEN in gastric cancer, this homolog may be developed as a therapeutic target for patients with gastric cancer.
In conclusion, miR-28 is upregulated in gastric cancer and plays oncogenic roles through regulation of PTEN/PI3K/AKT signalling pathway. Therefore, this research proposes that miR-28 can be targeted for development of novel treatment for gastric cancer in the future. In following experiments, we will explore the effect of miR-28 on gastric cancer cell proliferation and invasion in vivo.
